Abstract
Fibroblasts are cells of mesenchymal origin responsible for the production of most extracellular matrix in connective tissues, and are essential for wound healing and repair. In Fibroblasts are cells of mesenchmal origin; they are responsible for the production of most of the extracellular matrix of interstitial connective tissue, and essential for the process of wound healing and repair. Most of what is known about the functions of this cell type stems from work on embryonic dermal fibroblasts and cell lines derived from them. However, there is increasing evidence that fibroblasts from different tissue origins are distinct in terms of their gene expression profile, growth characteristics, motility, and other traits (42, 67, 112, 113, 124) . Gingival and mucoperiosteal fibroblasts (like other fibroblasts in the head) are special in that they are generated from neural crest derived "ectomesenchyme" during development, not from the primary mesoderm like most other fibroblasts in the body.
Moreover, they are associated with a (entodermal) mucosal epithelium, not with (ectodermal) epidermis like e.g. dermal fibroblasts. Although gingival and mucoperiosteal fibroblasts have much in common with other fibroblastic cells, from their specific developmental origin and location it is to be expected that they respond distinctly to the challenge of a wound, allowing them to cope optimally with the special conditions in the oral cavity. This article critically reviews the corresponding evidence.
A systematic literature survey was performed by searching the Medline database with the following terms: (gingival OR mucoperiosteal) AND fibroblast AND (wound healing OR repair). The term "periodontal ligament fibroblast" was not included, since this review focuses on wound healing of the gingiva and oral mucosa rather than on periodontal repair. However, since many cited articles compare gingival with periodontal ligament fibroblasts in wound healing models, the specific charateristics of periodontal fibroblasts are also covered to some extent. The above search yielded 314 publications (as of August 4, 2011) . In a first screening of all abstracts, 100 references were excluded for the following reasons:
• No abstract available in Medline;
• Language other than English;
• Case studies involving a single patient;
• Publications in which the term "fibroblast" appeared in the key words but neither in the title nor in the abstract;
• Studies in which fibroblasts were only imaged and/or counted cytologically, without further insight into their role in the wound healing process investigated;
• Studies where fibroblasts only served as controls (or feeder cells) for other cell types.
Of the remaining 214 articles, roughly half were considered of high relevance and good data quality, and these are covered in detail here. Results from selected further relevant publications were added after searching the reference lists of cited articles.
The gathered information was used to ask the following general question: How similar or dissimilar are oral fibroblasts to those from other tissues in terms of their regulation and function during wound healing? Specific sub-questions are addressed in the following paragraphs.
The role of oral fibroblasts in the inflammatory response in acute wounds
The most prominent and essential function of fibroblasts in wound healing is of course the production of new extracellular matrix for repairing damaged tissue. However, it is important to realize that resident fibroblasts in healthy connective tissues are "sleeper" cells with a very low mitotic and biosynthetic activity. To produce large amounts of new extracellular matrix, they need to be "activated", which implies that they must be able to sense and respond to a plethora of external stimuli. This second, very important role of fibroblasts as "sentinel" cells (131) that monitor connective tissue homeostasis has been recognized only in the last two decades. Fibroblasts, the dominant population of resident cells in many tissues, respond to the very first signs of tissue damage and bacterial infection (Fig. 1) . In an acute wound, where blood leaks into the interstitial tissue, growth factors and chemokines released by degranulating blood platelets not only attract immune cells, but also directly stimulate resident fibroblasts to produce and secrete additional chemokines, most notably interleukin-6 and interleukin-8, which recruit neutrophils to the site of damage (94) . In case of infection, lipopolysaccharide and other bacterial products again induce production of interleukin-6, -8, and other chemokines by fibroblasts (13) . A complex crosstalk between resident fibroblasts and invading immune cells ensues and controls the course of the inflammation and tissue repair. Direct cell-to-cell contacts are formed between CD40 (a member of the tumor necrosis factor-α receptor superfamily) on the surface of resident fibroblasts and its ligand CD40-L on invading immune cells (125) . These contacts lead to additional mutual activation of both cell types: as a result, fibroblasts secrete more chemokines and immune cells release inflammatory cytokines, leading to amplification of the response to injury ( Fig. 1 ).
Fibroblasts in an acute wound immediately respond to factors released by activated platelets. Among these are growth factors like platelet-derived growth factor-BB or transforming growth factor-β, small mediators like lysophosphatidic acid, proteases like urokinase-type plasminogen activator, and chemokines like platelet factor-4 (104). Plateletderived growth factor is a potent mitogen for fibroblasts by activating mitogen-activated protein kinase and phosphatidylinositol 3-kinase pathways via platelet-derived growth factor -receptor, a membrane-bound receptor tyrosine kinase (147) . Moreover, platelet-derived growth factor stimulates orbital fibroblast migration and induces the expression and 6 secrection of interleukin-8; presumably via different signaling pathways (152) . In addition to attracting immune cells by chemokine secretion, another primary task of fibroblasts in the repair process is contraction of the wound's margins in order to accelerate its closure. This process is again triggered by platelet-and plasma-derived factors such as lysophosphatidic acid and thrombin. Wound contraction in vivo can be modeled in vitro by seeding fibroblasts into a fibrillar collagen gel, which in the presence of serum is contracted by the cells within 1-2 days. Lysophosphatidic acid acts on fibroblasts via a G-protein coupled receptor and can trigger multiple intracellular signaling pathways, most notably a rapid activation of the small GTPase RhoA and its target Rho-dependent kinase ROCK, which stimulate actin assembly and contractility and hence initiate wound contraction (96) . A popular way to study certain aspects of wound healing in vitro is the so-called "scratch" or "wound fill" assay, where a scratch of defined dimensions is inflicted on a fibroblast monolayer in a cell culture dish, and the closure of the wound is observed, which occurs as a consequence of fibroblast proliferation and migration. Using this assay, it has been shown that lysophosphatidic acid on its own does not significantly stimulate wound fill by gingival fibroblasts; however, it acts synergistcally with the potent mitogen platelet-derived growth factor-BB, and the combination of these two platelet mediators is as potent as 10% serum in stimulating gingival fibroblasts to close a wound in vitro (16) . Very similar results were obtained for periodontal ligament fibroblasts, for which it was also shown that they express LPAR-1, -2 and -3, the G-proteincoupled cell surface receptors for lysophosphatidic acid (17) . Using receptor-specific agonists, the same authors further demonstrated that all three LPAR subtypes activate the mitogen-activated protein kinase ERK-1/2 in both gingival and periodontal ligament fibroblasts, whereas intracellular Ca 2+ mobilization is triggered by LPAR-1 and -3 but not -2.
In gingival fibroblasts, a chemotactic response to lysophosphatidic acid was mediated primarily through LPAR-1; in periodontal ligament fibroblasts, the other receptor subtypes were involved as well, pointing to origin-specific differences in the response of fibroblasts to lysophosphatidic acid (45) . Other factors released by platelets are involved in the activation of plasma-derived prothrombin to thrombin (104) . In an acute wound, the protease thrombin is required for fibrin clot formation, but much like platelet-derived growth factor it also works as a bona fide growth factor, by interacting with a cell surface receptor called proteaseactivated receptor that is also found on fibroblasts ( Fig. 1 ). Like platelet-derived growth factor, thrombin can trigger mitogen-activated protein kinase and RhoA/ROCK signaling pathways, among others (77) . Thrombin was found to stimulate the growth of human gingival fibroblasts in vitro, as well as to induce the rapid contraction of collagen lattices by these cells (19) . Interestingly, fibroblast proliferation but not collagen gel contraction was inhibited by a thrombin-specific protease inhibitor. Thrombin-induced fibroblast contraction was abolished by the actin-depolymerizing drug cytochalasin B (19) and by ROCK inhibition (69) , and hence appears to depend on an intact, contractile actin cytoskeleton. In a more recent paper by the same authors, it was shown that gingival and mucosal fibroblasts express the thrombin receptors, protease activated receptor-1 and -3, and that thrombin rapidly triggers signaling by small GTPase Ras, p38 mitogen activated kinase, and c-AMP responsive transcription factor CREB/ATF-1. As a consequence, early response genes are activated like those for transcription factors c-fos, c-jun and c-myc, which are required for the induction of secondary genes involved in fibroblast proliferation and differentiation (18) . Another group used pharmacological inhibitors to probe the signaling pathway responsible for collagen lattice contraction by gingival fibroblasts (69) . They concluded that this process is mediated mainly by thrombin binding to protease activated receptor-1, activation of phospholipase C, extracellular Ca 2+ influx through L-type channels, and triggering of the calcium/calmodulinmyosin light chain kinase and RhoA/ROCK pathways that finally stimulate actomyosin contraction.
Especially in the oral cavity, every damage to the tissue is immediately accompanied by bacterial infection, and oral fibroblasts respond rapidly and strongly to bacterial products such as lipopolysaccharide from cell walls ( Fig. 1 ). An early response of gingival fibroblasts to lipopolysaccharide involves increased synthesis of hyaluronic acid (6) , an extracellular matrix glycosaminoglycan known to increase cell motility (101) . The rise in hyaluronic acid seems to be mediated by lipopolysaccharide-dependent induction of prostaglandin-E2 synthesis by the fibroblasts since it is blocked by the anti-inflammatory drug indomethacin, an inhibitor of cyclooxygenases and thus prostaglandin production (6) . Lipopolysaccharide at high concentrations (50μg/ml) effectively inhibits the proliferation of gingival fibroblasts (presumably contributing to the compromised wound healing in periodontitis), but this inhibition can be partially overcome by platelet-derived growth factor (7) . In contrast, low concentrations of lipopolysaccharide (<9μg/ml) are slightly stimulatory for gingival fibroblast proliferation and seem to synergistically enhance the mitogenic action of interleukin-1α and growth factors (59) , which are secreted by immune cells upon inflammation. Thus it seems that lipopolysaccharide concentration, i.e. distance from the site of infection, differentially modulates the action of inflammatory cytokines and growth factors on gingival fibroblasts. In both healthy gingival fibroblasts and those isolated from periodontitis patients, lipopolysaccharide and interleukin-1α induce interleukin-6 production in an additive manner, but fibroblasts from inflamed gingiva constitutively produce more interleukin-6 than their counterparts from healthy individuals. (72) .
Once oral fibroblasts have attracted immune cells to the site of the early wound by chemokine secretion, they amplify the response by in turn reacting strongly to the inflammatory cytokines released by these cells, as well as by interacting directly with them.
CD40 (a member of the tumor necrosis factor-α receptor family) is known as an important receptor on B-lymphocytes regulating their proliferation and differentiation. Resting fibroblasts express low levels of this protein, but interestingly CD40 has been found to be upregulated 10-fold by the inflammatory cytokine interferon-γ, and may facilitate inflammation by interacting with CD40-ligand on the surface of T-lymphocytes and mast cells. Interferon-γ also shifts fibroblasts to the G0/G1-phase of the cell cycle, and it appears that high CD40 expression by fibroblasts is coupled to the cell cycle (43) . Interleukin-1β and tumor necrosis factor-α stimulate the synthesis of prostaglandins and arachidonic acid by gingival fibroblasts; this effect is synergistically enhanced by epidermal growth factor, which boosts expression and/or activity of cyclooxygenase, a key enzyme in prostaglandin synthesis (95) . Certain chemokines expressed by gingival fibroblasts are negatively regulated by inflammation, however. Stromal-derived factor-1 is a chemokine of the CXC family that is constitutively expressed by fibroblasts in most tissues and thought to be required for the homeostasis of healthy connective tissues. Stromal-derived factor-1 expression by gingival fibroblasts was found to be potently inhibited by activated macrophages via their secretion of interleukin-1α and tumor necrosis factor-α (40) . In addition to regulating the synthesis and release of many factors in fibroblasts, immune cellderived inflammatory cytokines also affect their motility. A direct target of interleukin-1 on fibroblasts appears to be focal adhesions, i.e. sites of cellular attachment to the extracellular matrix. Interestingly, the majority of interleukin-1 receptors on fibroblasts localize to focal adhesions together with integrins. Treatment of cultured fibroblasts with interleukin-1 leads to rapid phosphorylation of the integrin-associated protein talin, causing an increased turnover of focal adhesions (115) . This action of interleukin-1 presumably stimulates fibroblast motility at early stages of inflammation. In gingival fibroblasts, interleukin-1α/β and tumor necrosis factor-α additionally induce the rapid transcription and secretion of hepatocyte growth factor (also called scatter factor) (141), which within minutes stimulates cell motility via it cellular receptor c-Met (148) . Another publication claims that hepatocyte growth factor is upregulated indirectly in oral fibroblasts, namely through the autocrine action of prostaglandin-E2, which is induced by inflammatory cytokines and bacterial components (106) .
The mutual exchange of information between oral fibroblasts and immune cells during the inflammatory process finally results in the "activated" fibroblast phenotype typical for wound granulation tissue, which clearly differs from their normal "resting" state ( Fig. 1 ).
For example, granulation-tissue fibroblasts from periodontal lesions differ from normal gingival fibroblasts in their cloning capabilities in vitro: their cloning efficiency is lower (i.e. a smaller proportion of individual cells grows to clones), and their proliferative capacity decreases more rapidly than that of normal gingival fiboblasts (55) . Gingival fibroblasts from sites of periodontitis have reduced levels of enzymes involved in DNA repair and therefore seem to be compromised in this vital activity (46) . On the other hand, granulation-tissue fibroblasts are clearly differentiated cells in the sense that a high proportion of them expresses α-smooth muscle actin, which is typical for contractile cells. Moreover, compared with fibroblasts form normal gingiva, those from granulation-tissue show higher basal expression levels for several extracellular matrix proteins, and they respond to transforming growth factor-β by generating a larger increase in extracellular matrix production (56) . In general, the exposure to inflammatory cytokines changes the pattern of extracellular matrix expression by granulation tissue fibroblasts. For example, interleukin-4 induces synthesis and secretion of various proteoglycans by gingival fibroblasts (58) ; due to the osmotic activity of the acidic side chains of proteoglycans, this is likely to increase the water content of inflamed tissue. During oral wound healing, the extracellular matrix of the granulation tissue is continously remodeled by matrix metalloproteinases, most notably the major gelatinases, matrix metalloproteinase-2 and -9. Whereas matrix metalloproteinase-2 is constitutively expressed by mucosal fibroblasts and minimally affected by growth factors and cytokines, matrix metalloproteinase-9 is rapidly induced after wounding in the granulation tissue (122) .
It is important to note that fibroblasts are the direct targets of many intrinsic compounds as well as external stimuli and drugs that modulate the inflammatory process and hence fibroblast activation (132) . Since many drugs are taken orally, oral fibroblasts are especially exposed. For example, a well-studied side effect of the anti-hypertensive drug nifedipine is gingival overgrowth. This might be caused by gingival fibroblasts secreting increased amounts of keratinocyte growth factor (a member of the fibroblast growth factor family also called FGF-7), which is induced by the drug at the mRNA and protein level (33, 34) . Similarly, diphenylhydantoin is an antiepileptic drug with several side effects; one of which is again gingival overgrowth. It seems that diphenylhydantoin increases primary inflammation, infiltration of the wound by fibroblasts, and angiogenesis, finally leading to overgrowth (30) . Conversely, the glucocorticoid drug dexamethasone, with its wellestablished anti-inflammatory action, decreases the expression of mRNAs for matrix metalloproteinases-1 and -2 as well as for tissue inhibitors of metalloproteinases (TIMP)-1 and -2 in gingival and periodontal ligament fibroblasts (80) . Another external stimulus reducing inflammation is low-energy irradiation with a He-Ne-laser, which has been reported to inhibit the expression of interleukin-1β and interferon-γ and to induce platelet-derived growth factor and transforming growth factor-β in gingival/mucosal wounds in the rat (120).
Thus, low doses of red light might suppress inflammation and accelerate wound healing in the oral cavity. Another study has looked at the mοde of action by which irradiation with red (635 nm) LED light inhibits the response to inflammatory mediators in gingival fibroblasts. It was found that, similar to nonsteroidal anti-inflammatory drugs, red light irradiation inhibited the expression of cyclooxygenase and the release of prostaglandin-E2 by gingival fibroblasts treated with arachidonic acid (85) . Unlike indomethacin or ibuprofen, however, irradiation of gingival fibroblasts with red light also lead to a decrease in reactive oxygen species levels and in the mRNA for phospholipase A2 (85) . The authors suggest that red light acts by directly dissociating reactive oxygen species, which consequently leads to a suppression of the other inflammatory responses. Interestingly, mechanical stimulation of periodontal tissue with a powered toothbrush has also been shown to decrease leukocyte infiltration and to incease the number of gingival fibroblasts in lipopolysaccharide-induced periodontal disease; the treatment might thus accelerate the healing of gingival inflammation (37) . By contrast, blue light can also inhibit the proliferation of human gingival fibroblasts, while high doses can even lead to apoptosis (64, 142) .
As for intrinsic factors, sex hormones are known to influence the response of various tissues to an immune challenge, and this has been investigated for gingival fibroblasts as well. In a transcript profiling study, it was found that the inflammatory cytokine interleukin-1β induced the expression of numerous chemokines in gingival fibroblasts, whereas induction of most of these genes was suppressed by adding progestin together with interleukin-1β (82) . For interleukin-8 and monocyte chemotactic protein-1, these findings were confirmed on the protein level by measuring secreted chemokines by ELISA (82) . Thymosin-β4 is an ubiquitous protein with anti-inflammatory and anti-apoptotic action. Interestingly, thymosin-β4 was found to inhibit the induction of interleukin-8 in gingival fibroblasts by tumor necrosis factor-α, but not by lysophosphatidic acid (119) . Finally, antimicrobial peptides like LL-37 or histatins are small components secreted by the salivary glands, with multiple functions in innate immunity and wound repair in the oral cavity (31) . One study compared the effects of histatin-2 and LL-37 on early responses of fibroblasts during inflammation and wound healing (110) . Histatin-2 was found to enhance fibroblast migration; however, it had little effect on their proliferation, and it did not alter their interleukin-8 synthesis or lipopolysaccharide-induced chemokine expression. In contrast, LL-37 stimulated both migration and proliferation of fibroblasts at 1µM but was cytotoxic at higher concentrations.
Furthermore, LL-37 induced interleukin-8 expression but attenuated lipopolysaccharidedependent chemokine production (110) . Thus, it seems that antimicrobial peptides in the saliva function as modulators of fibroblast activity during oral wound repair.
Finally, it might be of increasing diagnostic and clinical relevance that components secreted by activated fibroblasts accumulate in crevicular fluid and can be measured there.
Using antibody arrays, it was reported that interleukin-8 and transforming growth factor-β2 are present at high concentrations in crevicular fluid of both healthy an diseased subjects.
Among others, the cyto-and chemokines tumor necrosis factor-β, interleukin-16 and GRO, the growth factors epidermal growth factor, fibroblast growth factor-4 and vascular endothelial growth factor, the metalloproteinase inhibitor TIMP-2, and osteoprotegerin (an inhibitor of osteoclast activation) were found to be significantly enhanced in crevicular fluid of periodontitis patients (121) . Thus for monitoring periodontal disease and wound healing, crevicular fluid seems to be an easily accessible and useful source, on which antibodies to relevant cytokines and growth factors can be used as diagnostic tools.
Growth factor-mediated control of fibroblast function during oral wound healing
Immediately after wound formation, activated platelets and other immunocytes, as well as adjacent cell types, secrete a large number of growth factors into the wounded area, e.g. platelet-derived growth factor, transforming growth factor-β, insulin-like growth factor-I and -II, basic fibroblast growth factor and epidermal growth factor. These factors regulate crucial functions such as the migration, proliferation and contraction of several cell types, of which the most important in granulation tissues are fibroblasts (91) .
Migration of fibroblasts into the injured area represents an immediate tissue response to injury, as these cells can populate this region and secrete extracellular matrix components towards healing. Early studies have shown that many of the growth factors mentioned above (platelet-derived growth factor, transforming growth factor-β, insulin-like growth factor, epidermal growth factor) can stimulate the migration of human gingival fibroblasts in a dose-dependent manner (103) . Mechanistic studies on these actions are rather limited. Concerning platelet-derived growth factor, it has been shown that its migratory action is mediated through the p38-mitogen activated protein kinase signal transduction pathway (117) . In addition, platelet-derived growth factor stimulates also the migration of gingival fibroblasts on titanium surfaces, which was correlated with release of urokinase-type plasminogen activator (2) .
Growth factors are also potent inducers of cell proliferation; however their action is cell type specific. In vitro studies have shown that gingival fibroblasts are stimulated towards proliferation by platelet-derived growth factor (54, 98) , insulin-like growth factor-I (54), epidermal growth factor, and basic fibroblast growth factor (44) . On the other hand, transforming growth factor-β is a pleiotropic factor whose mitogenic action depends on the target cell type. In addition, its action depends on the developmental origin, as we have shown that it inhibits fetal skin fibroblasts and stimulates adult ones to divide (47, 114) . With this in mind, it has been proposed that transforming growth factor-β1 inhibits also the proliferation of human adult gingival fibroblasts (92) , as they express fetal-like characteristics (see also below). However, others have shown that transforming growth factor-β1 stimulates the proliferation of gingival fibroblasts (153) . Platelet-rich plasma, containing all the above mentioned factors, also stimulates gingival fibroblast proliferation (108) . In vivo studies have shown in addition that epidermal growth factor, basic fibroblast growth factor (44) and transforming growth factor-β1 (108) stimulate gingival cell proliferation and rapid tissue repair in various animal models. However, the topical use of growth factors towards wound healing has several limitations, including their short half-life in vivo. Towards a gene therapy for ulcer healing and periodontal tissue engineering, it has been shown that adenoviralmediated platelet-derived growth factor-B gene delivery stimulates the proliferation of gingival fibroblasts (87) . Furthermore, proteomic analysis indicated that platelet-derived growth factor-B gene overexpression provokes a prolonged phosphorylation of protein kinase protein kinase B/Akt (87) , which is linked to stimulated cell proliferation.
In the later stages of wound healing, the newly formed provisional extracellular matrix is replaced by granulation tissue. At this stage fibroblasts are transformed into myofibroblasts, characterized by an extended contractile apparatus and a marked increase in α-smooth muscle actin, the latter being typical of smooth muscle cells. Myofibroblasts play a critical role in tissue contraction, due to their ability to exert contractile forces (35) . A major tool for the study of the cells' ability for contraction is their 3D culture in polymerized collagen gels, as these represent a closer approximation of the in vivo conditions compared to the classical 2D cultures, thus allowing the study of the biochemical, geometrical and mechanical interactions between cells and their extracellular environment (50) . Several growth factors known to speed the healing process, such a platelet-derived growth factor, transforming growth factor-β, and insulin-like growth factors-I and II, have been shown to enhance the contraction of 3D collagen matrices populated by human gingival fibroblasts (5, 89) . This phenomenon is most probably unrelated to the proliferative effect of these factors, as the time of observation for gel contraction is rather short (approx. 1 day) and, furthermore, it has been shown that the ability of growth factors to provoke a mitogenic effect is severely diminished in these 3D matrices (49) . In the contraction process, the role of collagen-bonding integrin receptors as well as of the associated cytoskeleton is of obvious importance. In this vein, it has been shown that gingival fibroblasts express α1, α2 and α11
integrin chains that form heterodimers with β1 integrin, and furthermore that insulin-like growth factor-II, which promotes collagen contraction, stimulates the increase of α11 integrin at the protein level. Finally, neutralizing antibodies against α1 and α2 integrin blocked collagen gel contraction only partially, while anti-α11 integrin siRNA had a more pronounced effect. Moreover, the combination of anti-α11 integrin siRNA with an anti-α2 integrin antibody totally abolished the contraction process (5) . All these data indicate that α2β1 and α11β1 integrin complexes are the major integrins responsible for collagen contraction in human gingival fibroblasts. Integrins are linked with the underlying cytoskeleton and inhibition of cytoskeletal contraction, e.g. by demecolcine that depolymerizes microtubules, can also inhibit collagen gel contraction (89) .
Interestingly, factors that affect wound healing, such as ethanol and non-steroidal anti-inflammatory drugs, have also been shown to inhibit the contraction process (89) .
Finally, nicotine can also interfere with the differentiation of gingival fibroblasts to myofibroblasts. In particular it has been shown that nicotine inhibits the transforming growth factor-β mediated induction of α-smooth muscle actin (39) , the latter being crucial for the myofibroblast's contractile ability (60) .
In this context, it is worth mentioning that in oral wounds, resident fibroblasts might no be the only cells giving rise to contractile myofibroblasts. In a rat model, it was shown that bone marrow-derived mesenchymal stem cells (labeled with green fluorescent protein) invaded healing wounds and differentiated into myofibroblasts (150) . Moreover, these stem cells were preferentially recruited to oral mucosal rather than to skin wounds (151), perhaps explaining in part the larger healing potential of oral mucosa.
How oral fibroblasts produce, remodel and interact with extracellular matrix in healing wounds
Early during the healing of a skin or an oral wound, lost tissue is replaced by heavily vascularized granulation tissue, which then becomes re-epithelialized to seal the wound. To a large part, granulation tissue consists of a specialized, fetal-like extracellular matrix, which is synthesized, secreted and assembled by cytokine-activated fibroblasts that migrate into the wound bed (36) . Like any other extracellular matrix, the one of the wound is composed of collagens characterized by glycine-proline-rich triple-helices, glycoproteins with N-linked sugars, and proteoglycans with large O-linked glycosaminoglycan side chains (66) . The early wound extracellular matrix is rich in collagen type III fibrils and other minor collagen types, in glycoproteins like fibronectin and tenascin-C that regulate cell adhesion and migration (23) , as well as in hyaluronic acid (a solube glycosaminoglycan) and proteoglycans. Due to the osmotic activity of their glycosaminoglycan side chains, the latter are responsible for the high water content of granulation tissue. Over a period of weeks, fibroblasts remodel the granulation tissue by degrading the provisional extracellular matrix and replacing it with more dense, less vascularized, fibrillar scar tissue rich in collagen type I (36) . Whereas scars of the skin can persist for years, the entire wound healing process occurs more rapidly in the oral cavity, and most scars are further remodeled to mucosa or gingiva with a normal appearance (134) .
In an early study, Qwarnstrom et al. (116) used a clever semi-3D culture system to carefully describe the steps of extracellular matrix assembly in an in vitro model for a healing oral wound. On top of a gingival fibroblast monolayer, they placed demineralized tooth slices at a distance of 0.5 mm, and observed how the fibroblasts grew up on the slices and eventually filled the entire gap with extracellular matrix. By electron microscopy, a network of thin extracellular matrix fibrils was first found to accumulate in the cleft , and thicker crossstriated collagen fibrils appeared after 6 weeks in culture. By immunocytochemistry, the early fibrillar matrix was found to contain fibronectin, hyaluronic acid and other glycosaminoglycans, whereas major components of the late wound matrix were fibrillar collagen types I, III and V (116) . The time course of extracellular matrix expression has also been studied in mucoperiosteal wounds in rats in vivo. Myofibroblasts positive for α-smooth muscle actin were found between 4 and 22 days with a peak at 8 days, specifying the phase of wound contraction. Collagen I and III positive fibers increased in number until 8 days after wounding, after which the staining intensity for collagen III was diminished. At two months post-wounding, more transverse collagen I fibers and less collagen III and elastin fibers were found than in uninjured submucosa, indicating scar formation (25) . Yet another study examined the changes in extracellular matrix expression during experimental gingivitis in human subjects. The inflammation phase was characterized by an increase in immunoreactivity for fibronectin and collagen III, and a decrease in collagen I. All changes were fully reversed in the repair phase (93) .
As mentioned previously, the synthesis of proteoglycans by fibroblasts during early wound healing is stimulated directly by the pro-inflammatory cytokine interleukin-4 ; large proteoglycans (versican/perlecan-type) are induced more strongly than small ones (biglycan/decorin-type) (58) . Bacterial lipopolysaccharide increases the synthesis of hyaluronic acid by gingival fibroblasts by 50% within 1-2 days. This response is blocked by indomethacin which blocks prostaglandin production, and therefore seems to be secondary to prostaglandin E2 synthesis that is stimulated by lipopolysaccharide in these cells (6) .
Another factor stimulating extracellular matrix production in granulation tissue is basic fibroblast growth factor. During early stages of wound healing in the gingiva, basic fibroblast growth factor is associated mainly with macrophages and mast cells in the granulation tissue. Later, it accumulates in myxoedematous stroma that is rich in proteoglycans (99) .
After the acute inflammation phase, probably the most important growth factors for granulation tissue formation are the transforming growth factor-βs. They are not only essential for the differentiation of fibroblasts into myofibroblasts (and hence for wound contraction) as already mentioned, but they also directly or indirectly induce the genes for an entire set of extracellular matrix components (27) . Topical application of transforming growth factor-β1 can change extracellular matrix deposition in early gingival wound healing, as has been shown by immunocytochemistry in rats. In transforming growth factor-β1 treated wounds, there was an increase in tenascin-C and a concomitant decrease in heparan sulfate proteoglycan; at the same time, more proliferating fibroblasts and collagen IV-positive blood vessels were observed than in control wounds (109) . Thus, transforming growth factor-β1 promotes and accelerates granulation tissue formation. Granulation-tissue fibroblasts were compared with normal gingival fibroblasts in terms of their response to transforming growth factor-β1 and extracellular matrix production. Fibroblast strains isolated from granulationtissue contained a variable proportion of contractile α-smooth muscle actin-positive myofibroblasts, and expressed strongly elevated basal levels of biglycan, fibromodulin, versican, type I and III procollagen. Compared to normal gingival fibroblasts, they responded to transforming growth factor-β1 with a higher induction of extracellular matrix proteins (56) .
Similarly, oral fibroblasts isolated from hereditary gingival fibromatosis patients were found to produce about twice the amount of fibronectin and collagen I per cell than normal gingival fibroblasts. These cells also secreted more transforming growth factor-β1 and -β2.
Interestingly, neutralizing antibodies to both transforming growth factor-β isoforms were able to reduce fibronectin as well as collagen I synthesis levels of fibromatosis-derived fibroblasts to those of normal gingival fibroblasts, indicating that increased extracellular matrix synthesis by the diseased cells is due to their autocrine stimulation with transforming growth factor-β. (143) . The same might be true for activated granulation tissue fibroblasts in general ( Fig. 1) .
A greater number of transforming growth factor-β1-expressing fibroblasts is found in druginduced gingival overgrowth as well as hereditary gingival fibromatosis; thus there seems to be a clear relationship beween autocrine transforming growth factor-β1 production and fibrosis (154) . Whereas the genes for certain extracellular matrix proteins (e.g. collagen I, tenascin-C) are directly activated by transforming growth factor-β signaling (27) , many of its effects on extracellular matrix synthesis might be mediated indirectly by connective tissue growth factor. The latter is not a classical growth factor, but a small "matricellular" extracellular matrix protein secreted by fibroblasts in response to transforming growth factorβ (24). Although the mechanism is not understood in detail, connective tissue growth factor is a potent autocrine enhancer of fibroblast proliferation, migration and extracellular matrix deposition, and is thought to potentiate the pro-fibrotic action of transforming growth factor-β.
Transcription factor Smad3 (which acts downstream of transforming growth factor-β receptors) and mitogen-activated protein kinase ERK-1/2 coordinately mediate transforming growth factor-β-induced expression of connective tissue growth factor in human fibroblasts (83) . Connective tissue growth factor has been shown to be induced by transforming growth factor-β1 in human gingival as well as periodontal ligament fibroblasts (140) .
Certain drugs specifically affect oral wound healing, apparently by inducing growth factors that stimulate extracellular matrix synthesis in gingival and mucosal fibroblasts. For example, the immunosuppressive drug cyclosporin appears to induce gingival overgrowth by up-regulating transforming growth factor-β and platelet-derived growth factor, and hence by stimulating excess extracellular matrix production (12) . The antiepileptic drug phenytoin (diphenylhydantoin), which is also known to promote gingival overgrowth, stimulates hydroxyproline incorporation into newly synthesized collagen and thereby leads to a higher tensile strength of scar tissue. Presumably, phenytoin induces hypertrophic scar formation and overgrowth by stimulating inflammation and accelerating the wound healing process (30) . More recent microarray data showed that in dermal fibroblasts, phenytoin induced about 1500 genes more than 2.5-fold, among them major growth factors and their receptors, as well as extracellular matrix proteins (collagen I, fibronectin, laminin) and extracellular matrix-degrading enzymes (matrix metalloproteinase-1) (137) . Conversely, other drugs have been reported to suppress extracellular matrix expression by oral fibroblasts, and are therefore likely to compromize wound healing. An example are biphosphonates, which are used to treat osteoporosis but may have severe side effects such as osteonecrosis of the jaw. These compounds reduce the production of collagen types I, III and V not only in osteoblasts but also in gingival fibroblasts (127) .
Interestingly, various types of oral fibroblasts exhibit characteristic differences in their extracellular matrix production. In general, periodontal ligament fibroblasts were found to produce more bulk extracellular matrix than gingival fibroblasts (63) . In contrast to gingival fibroblasts, periodontal ligament fibroblasts express certain osteoblast-specific markers (alkaline phosphatase, osteopontin, osteocalcin) although they fail to mineralize (71) . In one specific study, gingival fibroblasts, periodontal ligament fibroblasts, and cells derived from a guided periodontal tissue regeneration procedure ("regenerating tissue fibroblasts") were compared in terms of their growth characteristics and proteoglycan expression patterns.
Gingival fibroblasts and regenerating tissue fibroblasts proliferated more quickly than periodontal ligament fibroblasts. Of the small proteoglycans, decorin expression was strongest in gingival fibroblasts, whereas biglycan mRNA was highest in regenerating tissue fibroblasts. Expression of the large proteoglycan versican was high in gingival and periodontal fibroblasts but not regenerating tissue fibroblasts. Thus, although regenerating tissue fibroblasts were derived from periodontal ligament fibroblasts, they divided more rapidly and showed a specific proteoglycan expression pattern (68) . In addition to cellautonomous differences, crosstalk with adjacent epithelia appears to regulate extracellular matrix production by various fibroblast types. In cocultures, oral epithelial cells influence the expression of extracellular matrix by oral fibroblasts depending on their site of origin. For example, gingival epithelial cells do not affect the expression of collagen I and III in gingival fibroblasts but suppress these genes in periodontal fibroblasts (62) . In summary, different oral fibroblast types are distinct in their extracellular matrix expression pattern in healthy tissues but also change it in context-specific ways during wound healing (42) .
Not only the production of extracellular matrix, but also its turnover and remodeling in the course of oral wound healing are important. Extracellular matrix degradation is achieved by a multitude of proteolytic enzymes, the most important being the family of matrix metalloproteinases (75) . Compared to dermal fibroblasts, there is not much literature yet on reported to be more rapid and intense with gingival than with dermal fibroblasts (20) . For both gingival and periodontal ligament fibroblasts, matrix metalloproteinase-2 is the major gelatinase detected in zymograms, whereas oral keratinocytes primarily secrete matrix metalloproteinase-9 (80) . In gingival fibroblasts, mRNA expession for matrix metalloproteinase-1 (collagenase-1), matrix metalloproteinase-2, TIMP-1 and TIMP-2 were all strongly suppressed by the corticosteroid analog dexamethasone (80) . Epidermal growth factor (which is secreted by activated platelets, macrophages and fibroblasts) seems to be a major growth factor inducing matrix metalloproteinases in human gingival fibroblasts. Very low epidermal growth factor concentrations (10 -12 M) were found to increase the expression of matrix metalloproteinase-11 mRNA and protein; higher concentations (10 -6 M) also induced matrix metalloproteinase-1, -3 and -7. In contrast, matrix metalloproteinase-2 as well as TIMP-1 and -2 expression were not affected by epidermal growth factor (26) . Matrix metalloproteinase-13 (collagenase-3) has gained attention because of its distinct expression pattern in wound healing. In humans, matrix metalloproteinase-13 is produced by fibroblasts in chronic cutaneous ulcers, but is absent from normally healing adult skin wounds. In contrast, fibroblasts express matrix metalloproteinase-13 in adult gingival as well as in fetal skin wounds, which are both characterized by rapid collagen remodeling and scarless healing (146) . When adult human skin fibroblasts were transfected with matrix metalloproteinase-13, their ability to contract and remodel a 3D collagen matrix in culture was greatly enhanced. Matrix metalloproteinase-13 expression also promoted survival and proliferation of skin fibroblasts in floating collagen gels, presumably by activating protein kinase B/Akt (which regulates protein synthesis and cell growth) and the mitogen-activated protein kinase ERK-1/2 (146) . Thus, oral fibroblasts appear to be distinct from normal skin fibroblasts in their ability to express matrix metalloproteinase-13. This enzyme is likely to be important for rapid extracellular matrix remodeling and scarless wound healing in the fetus and in the adult oral cavity, but might also be involved in ulcer formation in the case of chronic inflammation of the skin.
Matrix metalloproteinases are the most important but not the only proteinases involved in wound healing. Even before granulation tissue is formed, a first provisional extracellular matrix is provided by the fibrin clot into which immune cells, fibroblasts and keratinocytes can move, and which needs to be removed by plasminolysis before further repair can occur. In contrast to dermal fibroblasts, oral fibroblasts seem to be directly involved in removal of a fibrin clot before they start producing the extracellular matrix of granulation tissue. Human gingival fibroblasts express a low basic level of urokinase-type plasminogen activator, which is however strongly stimulated by epidermal growth factor via mitogen-activated protein kinase (JNK and ERK-1/2) dependent pathways (130) . In an earlier interesting study, dermal and gingival fibroblasts were cultured in either collagen or fibrin 3D-gels. In collagen, both fibroblast types had similar morphology, showed similar rates of collagen lattice contraction with little collagen degradation. In contrast, gingival but not dermal fibroblasts were found to completely digest a fibrin lattice within less than 8 days.
This seemed to be due to the high level of tissue-type plasminogen activator, which was induced in gingival fibroblasts in fibrin 3D-gels but not in monolayer culture. Thus, the surrounding extracellular matrix itself can control the expression of specific matrix proteinases in gingival fibroblasts. Little fibrinolysis by gingival fibroblasts was observed with plasminogen-depleted fibrin gels or in the presence of an inhibitor of tissue-type plasminogen activator (ε-amino-caproic acid) (88) .
In this context, it should be added that extracellular matrix turnover is accomplished not only by extracellular proteases like matrix metalloproteinases or plasminogen activators, but also by cellular uptake and intracellular degradation of extracellular matrix fragments.
Endo180 is a non-integrin cell membrane receptor involved in the binding and internalization of partially digested (denatured) collagen. Due to induction by relevant growth factors, expression of Endo180 is spatially and temporally increased during gingival wound healing, mainly in macrophages, myofibroblasts, pericytes and endothelial cells (61) .
Both the production and the remodeling of wound extracellular matrix by oral fibroblasts could not occur without a close interaction between cells and their surrounding matrix. Fibroblasts attach to the extracellular matrix primarily by means of integrins, heterodimeric cell membrane receptors (65) . Although constitutively present on cell surfaces, most integrins need to be activated to firmly connect their extracellular matrix ligands and with the cell's cytoskeleton. Integrins are essential for attachment, spreading and migration of cells on extracellular matrix. In the case of fibroblasts and epithelial cells, integrins are in addition very important for extracellular matrix assembly: These cells are able to capture secreted extracellular matrix proteins on their surfaces, and then use cytoskeletal traction forces to spin them into fibrils and networks (128) .
Unfortunately, not much is known yet about the function of specific integrins expressed on oral fibroblasts. One recent study showed that different cell types present in oral wounds are distinguished by their differential motility on extracellular matrix proteins in vitro. In general, the migration speed of gingival fibroblasts on collagens was found to be about twice as high as that of periodontal ligament fibroblasts, whereas osteoblasts were essentially non-motile (81) . In addition and interestingly, different extracellular matrix components could provoke distinct locomotion responses: gingival fibroblasts migrated rapidly on collagen III, moderately on collagen V and more slowly on collagen I. This is probably due to the engagement of different integrin receptors: gingival fibroblasts appear to use α1β1 integrin to migrate on collagen III, and α2β1 integrin to move on collagen I (81) .
Another relevant study investigated the role of fibronectin and its receptor integrin α5β1 in the expression of alkaline phosphatase by gingival fibroblasts. During wound healing, fibroblasts in fibronectin-rich granulation tissue express alkaline phosphatase. Gingival fibroblasts in culture started synthesizing alkaline phosphatase in response to ascorbic acid; this response was abolished by blocking antibodies to α5β1 integrin. Ascorbic acid-induced alkaline phosphatase expression was increased when gingival fibroblasts were plated on exogenous fibronectin, and suppressed when they were cultured on or in fibrillar collagen gels. Alkaline phosphatase induction was also blocked by dehydroxyproline, which inhibits fibronectin assembly and cell spreading on fibronectin (1). These results show that fibronectin and its receptor, integrin α5β1, directly control the expression of a marker gene for activated gingival fibroblasts in granulation tissue.
Certain evidence also indicates that enamel proteins might control gene expression of gingival and periodontal fibroblasts via an adhesion-and presumably integrin-based mechanism. Enamel matrix derivative, extracted from pig teeth and consisting largely of the extracellular matrix proteins amelogenin and ameloblastin, is widely employed in the clinic to support oral wound healing. Its use was originally intended for improving enamel regeneration, for which the evidence is sparse. However, a body of literature indicates that enamel matrix derivative is beneficial for regenerative periodontal therapy, although the mechanism is not clear yet. Enamel matrix derivative seems to stimulate cell adhesion and the expression of growth factors and extracellular matrix proteins by periodontal ligament cells (14) . Enamel matrix derivative was reported to induce hyaluronic acid and proteoglycan synthesis by cultured human gingival and periodontal fibroblasts. Specifically, it increased expression of hyaluronic acid syntase-2 and -3, versican, biglycan and decorin. The effect was similar to, but potentially stronger than with mitogenic cytokines (53) . Recently, it was shown that fibroblasts adhere to amelogenin and ameloblastin via cell-secreted fibronectin; in ameloblastin, a short amino acid sequence was identified that mediated this interaction (10) . Thus, pericellular fibronectin appears to form the link between fibroblasts and enamel proteins, and again the fibronectin receptor α5β1 integrin might mediate at least some of the effects of enamel matrix proteins on gene expression of oral cells.
Finally, it is of clinical relevance that the interactions of fibroblasts with their extracellular matrix can change with age and disease, thus affecting oral wound healing. For example, enhanced blood sugar levels associated with diabetes can induce the nonenzymatic glycation of extracellular matrix and other proteins. The so-called advanced glycation end products have been linked to the pathogenic mechanism of diabetes. Accordingly, human gingival and periodontal ligament fibroblasts were reported to attach and migrate poorly on fibronectin or collagen I that had been glycated non-enzymatically in vitro (100) . Thus, glycation of extracellular matrix proteins could contribute to the impaired oral wound healing observed in elderly people and patients with diabetes.
Responses of oral fibroblasts to mechanical stress
We have seen earlier that fibroblasts in healthy tissues are considered as "sentinel" cells: they are able to detect and respond to environmental cues (e.g. bacterial components or cytokines released by immune cells) that are first signs of injury and inflammation. In addition, fibroblasts are known to monitor yet another type of deviation from tissue homeostasis, namely changes in mechanical stress. Physical load is recognized to be very important for connective tissue development, maintenance, and remodeling (22) . Of course, the most obvious example in oral biology is orthodontic tooth movement, which would not occur without the ability of periodontal ligament fibroblasts to sense applied tensile and compressive stresses, and to translate this information into instructions for other cells, mainly mesenchymal and hematopoietic stem cells. These then give rise to osteoblasts and osteoclasts, respectively, which remodel the alveolar bone (90) . In addition, mechanical homeostasis is disturbed in every wound, with implications for healing: Depending on the specific site of an injury, excess tensile strain might build up locally at a wound margin, which favors hypertrophic scarring at this position (36) . How do fibroblasts sense changes in mechanical stress in their extracellular matrix environment? As mentiond before, integrin receptors physically connect the extracellular matrix with the cell's cytoskeleton and transmit forces in both directions. Depending on the stiffness of the extracellular matrix, externally appied stress (force per area) results in in a certain extracellular matrix strain (deformation), which is transmitted to the cell's cytoskeleton. To maintain shape, fibroblasts counteract applied force with cytoskeletal traction; thus extracellular matrix strain results in increased cytoskeletal stress (21) . Certain integrin-asociated adaptor proteins and cation channels can act as "strain gauges": they undergo conformational changes in response to applied force, change their activity, and thereby transduce a mechanical into a chemical signal. The major signaling pathways triggered by mechanical stimuli in an integrin-dependent way in fibroblasts are mitogen-activated protein kinases, Ca 2+ , nuclear factor-kB, and RhoA/Rhodependent kinase. As all pathways are also activated by growth factors and cytokines, mechanical stress can act synergistically with these factors to cause changes in gene expression (22) .
As was reported also for embryonic skin fibroblasts (123) , oral fibroblasts respond to mechanical stress by a rapid contraction of their actomyosin network, with resulting changes in cytoskeletal structure. When force was applied to collagen-coated magnetic beads attached to the surface of gingival fibroblasts, the cells reacted with rapid Ca 2+ influx, phosporylation of focal adhesion proteins like paxillin, and an increase in actin polymerization and in stiffness of the cortical cytoskeleton (48) . These authors speculated that the actin response may be cytoprotective by strengthening cytoskeletal integrity and protecting cells from further bouts of tensile strain. In an even earlier study, gingival and periodontal ligament fibroblasts were compared in terms of their cytoskeletal changes in response to a one-step (static) increase in tensile strain of their substrate by 3%; filamentous F-actin was quantified by phalloidin staining. Gingival fibroblasts reacted to static strain with a rapid drop in F-actin, followed by a two-fold increase after one minute. After three minutes, the cells contracted. Periodontal fibroblasts exhibited twice the amount of F-actin at rest compared to their gingival counterparts, and although they showed no additional increase in F-actin after stretching, they contracted as well (111) . In addition, oral fibroblasts might differ from dermal fibroblasts in their contractility in response to mechanical stress in wounds.
Wound-inducible transcript 3.0 is a very interesting cytoskeletal protein homologous to the myosin II coiled-coil domain, which is specifically increased in oral mucosa but not in skin during wound healing. Wound-inducible transcript 3.0 seems to be responsible for the enhanced collagen matrix contraction and cell migration of wound-derived oral fibroblasts compared to dermal fibroblasts (136) .
As mentioned, mechanical stress applied to integrins on the fibroblast surface triggers various signaling pathways that directly and rapidly change gene transcription. Actin assembly and contraction in response to mechanical stress is triggered by integrindependent activation of the small GTPase RhoA. As a direct consequence, a transcriptional regulator called megakaryocytic leukemia-1 (MKL1/MAL) translocates from the cytoplasm to the nucleus and mediates the rapid activation of mechanoresponsive genes such as αsmooth mucle actin (155) or tenascin-C (4). Periodontal fibroblasts were reported to react to static substrate strain with an increase in signaling by small GTPases Rab and Rho, mitogen-activated protein kinases, and consequently an activation of transcription factors c-Jun and c-Fos (8, 9, 76) . In gingival fibroblasts, force was found to recruit the microtubulebinding protein CLIP-170 and α-tubulin to focal adhesions and to increase the expression of filamin A, an actin-binding protein (28) . Induction of filamin A by tensile strain in gingival fibroblasts was shown to depend on p38-mitogen-activated protein kinase-dependent phosphorylation of transcription factor Sp1, which then bound and activated the filamin A gene promoter (29) . Secondary to such rapid changes in cytoskeletal structure and gene expression, mechanical stress influences cell proliferation and survival of oral fibroblasts.
Cyclic strain delivers anti-apoptotic (such as retention of FoxO protein in the cytoplasm) and
proliferative signals (such as activation of mitogen-activated protein kinase ERK and increased expression of proliferating cell nuclear antigen) to gingival fibroblasts (32) .
An important secondary mediator of the response of fibroblasts to mechanical stress is again transforming growth factor-β. Cyclic substrate strain was reported to increase the secretion of transforming growth factor-β1 by periodontal ligament cells but not gingival fibroblasts, whereas strain inhibited the release of macrophage-colony stimulating factor (a growth/differentiation factor for osteoclasts) from both cell types (74) . In apparant contrast to this early study, a very recent paper demonstrated that cyclic substrate strain caused the rapid activation of latent transforming growth factor-β1 in cultures of gingival fibroblasts; consequently, several pro-proliferative and pro-fibrotic genes were upregulated, among them for connective tissue growth factor. Compared to dermal fibroblasts, this fibrogenic response was considerably reduced, however (52) . In addition to stimulating extracellular matrix expression, transforming growth factor-β1 also activates RhoA, induces actin stress fiber formation, and reinforces vinculin-positive focal adhesions in human gingival fibroblasts; all these events were blocked by inhibition of RhoA/Rho-dependent kinase. Transforming growth factor-β1 also induced α-smooth muscle actin expession in a mitogen-activated protein kinase JNK-dependent manner in these cells (129) . Thus, transforming growth factor-β1 stimulates myofibroblast differentiation of gingival fibroblasts at least in part by promoting cell contractility.
Expectedly, mechanical stress modulates the expression of many stuctural extracellular matrix components as well as extracellular matrix-degrading enzymes, although it is often not clear whether the effect is direct (via immediate activation of RhoA or mitogenactivated protein kinase pathways) or due to the strain-induced release of factors such as transforming growth factor-β. Periodontal ligament and gingival fibroblasts were subjected to continous (static) stretch and the mRNAs for matrix metalloproteinases, their inhibitors, and integrins quantified. Whereas under these conditions matrix metalloproteinases and their tissue inhibitors (matrix metalloproteinase-1, matrix metalloproteinase-2, TIMP-1 and TIMP-2) were induced in both cell types, they showed a differential response to stretch in terms of expression of various integrin chains (11) . In periodontal ligament fibroblasts, compressive centrifugal force increased the mRNA level for matrix metalloproteinase1, but had no effect on collagen I and TIMP expression (118) . Centrifugal force applied to gingival fibroblasts was found to upregulate the expression of collagen I and osteopontin via mitogen-activated protein kinase ERK-1/2 and/or JNK signaling, respectively (70) . However, these responses of oral fibroblasts to mechanical stress might be modulated by many environmental and genetic factors. In a study where gingival fibroblast strains were isolated from several human subjects and compared, pronounced interindividual differences were found in their response to cyclic strain in terms of changes in the expression of various extracellular matrix proteins (51) . Interestingly, published evidence indicates that toothbrushing is a physiologically relevant mechanical stimulus for increasing extracellular matrix production by gingival fibroblasts in vivo. A study in dogs demonstrated that toothbrushing over three weeks with an applied force of 2 N for 10-20 seconds daily significantly increased fibroblast proliferation and procollagen type I synthesis in the gingiva (144) . Periodontal ligament cells in vivo were not affected by toothbrushing (145) , presumably because they are mechanically shielded by alveolar bone. In a rat model, toothbrushing accelerated the healing of gingivitis by reducing the infiltration of polymorphonuclear leukocytes and enhancing gingival fibroblast proliferation and collagen synthesis (37) .
Finally, mechanical stress controls the production and release by oral fibroblasts of inflammatory mediators and of substances involved in bone remodeling. For example, both periodontal ligament and gingival fibroblasts react to pulsating fluid flow with an acute increase in prostaglandin-E2 production after one hour. In contrast to gingival fibroblasts, periodontal ligament cells also release nitric oxide in response to fluid flow, and their prostaglandin-E2 release continues after stopping the flow (149) . Thus, periodontal ligament fibroblasts seem more responsive to fluid flow and resemble osteoblasts in this respect. A cytokine induced and released after applying cyclic strain to gingival fibroblasts is migration inhibitory factor MIF (97) . In accordance with an important function in orthodontic tooth movement, periodontal ligament fibroblasts are also well known to secrete factors that control bone remodeling; among them receptor activator of NFκB ligand (RANKL), which stimulates, and osteoprotegerin, which inhibits osteoclast differentiation. In a tissueengineered 3D model for periodontal ligament, static compression induced expression of RANKL and other osteoclastogenesis inducers (84) . A study in humans showed that upon orthodontic tooth movement, the concentration of RANKL increased and that of osteoprotegerin decreased in crevicular fluid obtained from the compression side of the tooth, indicating stimulation of osteoclastogenesis; the same changes were seen after subjecting periodontal ligament cells to compressive stress in vitro by putting a weight on top of a monolayer culture (102) . However, this simple method is likely to generate severe hypoxic conditions for the cells, which might obscure the mechanical effect. Indeed, and in obvious contrast to the latter results, another group reported that compressive centrifugal force increased the osteoprotegerin production of both gingival (78) and periodontal ligament fibroblasts (79) . Yet another study with a different focus reported that 10% static tensile stress to the substrate for 12 hours decreased RANKL and increased osteoprotegerin expression by periodontal ligament fibroblasts (133) . To explain the regulation of osteoclastogenesis during orthodontic tooth movement, compressive stress should decrease and tensile stress increase osteoprotegerin production by periodontal ligament cells in vitro; the opposite should be true for RANKL. Surprisingly, however, there are only very few technically sound reports on this important subject, and so far no direct comparison of the effects of the two opposite modes of mechanical stress on oral fibroblasts has been published.
Fetal-like responses of gingival fibroblasts and the role of aging in vivo and in vitro
In most tissues, like in skin, wounds heal in an orderly fashion proceeding through several stages, i.e. haemostasis, inflammation, proliferation and remodeling of the newly formed extracellular matrix, towards a tissue resembling the original unwounded one. However, scarring represents a major problem in tissue quality and function. In contrast, in many fetal tissues and especially in the first stages of gestation a different repair strategy is observed, characterized by a lower inflammatory reaction, a reduced angiogenesis, an increased contraction and finally by the absence of scar formation (41) . Interestingly, in the adults, oral wounds exhibit privileged healing, characterized by rapidity and lack of scar formation, like in fetal wounds (134) . In this vein, wounds in oral mucosa, compared to dermal wounds, exhibit significantly lower levels of macrophages, neutrophils and T-cell infiltration, as well as lower concentrations of the inflammatory cytokine interleukin-6 or of the pro-fibrotic cytokine transforming growth factor-β (139), while they are characterized by lower bed vascularity and decreased levels of the pro-angiogenic factor, vascular endothelial growth factor (138) .
As fibroblasts are major players in the healing process, the role of gingival fibroblasts in this unique repair strategy has been investigated, in most cases, in comparison with adult skin fibroblasts. It has been shown that oral mucosa fibroblasts are able to contract more rapidly fibroblast-populated collagen lattices (134) . One more characteristic of fetal wounds is the rapid movement of fibroblasts into the wounded area, as to initiate quickly tissue remodeling. This is achieved by the function of matrix metalloproteases that can degrade extracellular matrix components, thus facilitating cell migration. Interestingly, oral mucosal fibroblasts exhibit increased levels of activated matrix metalloproteinase-2. This is most probably not due to an increased expression of matrix metalloproteinase-2 at the transcriptional level but rather to a decreased activity of tissue inhibitors of metalloproteases (TIMP)-1 and -2 (135) .
Fetal skin wounds are also characterized by a decreased presence of the profibrotic cytokine transforming growth factor-β1, and several lines of evidence indicate that this may contribute to the scarless fetal tissue repair (86) . However, human fetal skin fibroblasts differ from their adult counterparts in terms of their proliferative response to transforming growth factor-β. In particular, transforming growth factor-β inhibits the proliferation of fetal cells, while it stimulates adult ones (47, 114) . Interestingly, it had been reported that transforming growth factor-β1 induces an antiproliferative response in oral fibroblasts, through Smad3 signaling. This difference in the response of oral and dermal fibroblasts seems to be linked to the differential expression of hyaluronic acid produced by these two cell types (92) . All the above indicates that gingival fibroblasts possess unique intrinsic features that may be responsible for the fetal-like tissue repair of oral mucosa. This may be explained by the different embryological origin of oral mucosal fibroblasts (neural crest) and skin fibroblasts (mesoderm) (38) . However, while cells from the papillary tips display some fetal-like characteristics, this is not the case for cells obtained from the deeper reticular tissue, which express rather adult-like characteristics, indicating the existence of intra-site heterogeneity in the characteristics of oral mucosa fibroblasts (67) .
Aging is linked with a decrease in the tissue repair ability. In this direction, gingival fibroblasts from aged humans or animals express altered functions related to wound healing.
In particular, fibroblasts from aged tissues exhibit a decline in their proliferative capacity (73) , while in response to lipopolysaccharide they produce increased amounts of inflammatory mediators, such as prostaglandin-E2, interleukin-1β and interleukin-6 (3, 107) . Finally, fibroblasts from adult donors were less able for the contraction of fibroblast-populated collagen lattices compared to cells from children (134) . One of the mechanisms that has been proposed to contribute to aging and to age-related pathologies is cellular senescence (15) . Normal fibroblasts have a limited lifespan when they are cultured in vitro due to telomere shortening (57) . Alternatively, cells can become senescent when exposed to repeated doses of stresses at sub-cytotoxic levels in a telomere-shortening independent manner (15) . Senescent cells may contribute to the age-related impaired wound repair due to their inability to proliferate, as well as to their pro-inflammatory phenotype, as they overexpress matrix metalloproteinases, growth factors, inflammatory cytokines and other inflammatory mediators (126) . Interestingly, oral mucosal fibroblasts exhibit an increased lifespan compared to patient-matched skin fibroblasts, and this difference is not due to telomerase expression (38) . However, senescent gingival fibroblasts exhibit a much more intense production of the pro-inflammatory cytokine interleukin-6 in response to lipopolysaccharide, compared to young (early-passage) fibroblasts (105) .
Conclusions
Fibroblasts are cells of mesenchymal origin that are responsible for the production of most extracellular matrix in connective tissues, and are essential for wound healing and repair.
Fibroblasts from different tissue origins are distinct in terms of their gene expression profile, growth characteristics, motility, and other traits. Due to their specific developmental origin and location, oral fibroblasts respond distinctly to the challenge of a wound, allowing them to cope optimally with the special conditions of the oral cavity. The understanding of the unique characteristics and the role of oral fibroblasts in wound healing and repair as well as the control mechanisms of their function is mandatory for developing new strategies to control the intraoral wound healing processes of the individual patient. 
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